Abstract Tidal energy, of all marine renewables energy, possesses higher persistency and predictability over longtime scales. Moreover, the higher density of water than air also results in greater power output from a tidal turbine than a wind turbine with similar dimensions. Due to the aggressive marine environment, there are barriers in the development of tidal power generation technology. In particular, with regard to increased rotor diameter, the selection of material presents significant challenges to be addressed including the tribological environment, such as solid particle erosion, cavitation erosion, the effect of high thrust loading on the turbine blade tips and the synergy between sea water conditions and such tribological phenomena. This research focuses on producing and testing a variety of composite materials with different fibres and reinforcement layouts to evaluate two main tribological issues in tidal environments: matrix cutting and reinforcement fracture. A slurry pot test rig was used to measure the effects of different impact angles and particles sizes at constant tip speeds.
Introduction
Globally, 330,000 TWh electricity is produced annually by offshore energy resources [1] . New and renewable energy sources and related technologies are essential components of the path towards sustainable development. Although renewable sources represent the fastest growing energy source in the world, they still have to overcome many technical and financial barriers to achieve their full potential in the market [2] .
There are various relative advantages of tidal energy, for example, persistency and predictability over long-time scales due to the well-documented behaviour of the tides, making tidal energy a favourable choice. The higher density of water and contra-rotating blade configuration are other advantages in greater power output from a tidal turbine compared with a wind turbine of similar dimensions in comparable fluid flow velocities [3] . For the growth of tidal energy, there are still technical challenges and financial barriers to overcome. There is still no agreement on the optimum design, materials selection in tidal energy technologies. Hence, the use of more reliable and cheaper materials can contribute in cost reduction of electric power generation by this source. This is possibly due to the general lack of understanding of performance of materials in such environments, which requires a material with remarkable longevity under such conditions.
The mechanical properties, corrosion resistance, and generally cost effectiveness of fibre reinforced composite materials make them an attractive choice for this purpose. However, due to the nature of the tides, identifying a reliable composite material for such environments, especially with an increased rotor diameter, raises more issues to be addressed; including the tribological challenges such as sediment erosion, cavitation erosion, and their possible synergistic effects on the tidal turbine blades [4] . This research focuses on testing and identifying materials with a better tribological performance in marine tidal environments. This includes producing a variety of composite materials with different fibres and reinforcement configuration to evaluate two main tribological issues of composite materials in tidal environments: matrix cutting and reinforcement fracture using a slurry pot test rig [5] . At this stage of the research, commercially available materials have been tested by a modified test rig to (partially) replicate the tidal environment conditions.
In this study, a G10 epoxy glass laminate composite has been tested for its erosion resistance during sub-sea conditions. The synergistic effects and erosive wear mechanisms have been studied on the basis of mass loss, SEM micrographs of the surfaces, EDX analysis and related research work found in the literature using wear mechanisms map techniques [27] [28] [29] [30] . Further work will be to compare with tribological performance of different types of composite materials and coatings to evaluate the optimum material for the range of environmental conditions encountered in service.
Experimental

Materials
The testing material was G10 epoxy glass laminate composite, manufactured by National Electrical Manufacture Association (NEMA). This material is widely used in electrical equipment of aerospace, medical diagnostic and underwater conditions. This thermosetting industrial composite consists of continuous filament glass cloth and epoxy as the resin binder. The general characteristic of this material is the high strength, low moisture absorption and excellent chemical resistance in dry and humid conditions. The physical properties of this material are listed in Table 1 . Figure 1 shows the SEM micrograph of the G10 epoxy glass laminate surface before the test. The faded brighter areas can be trapped micro-bubbles under the glossy surface or the residual dust during finishing the side surfaces of the rectangular shape samples. It should be noted that as the samples were purchased from a commercial supplier, some tiny dents and superficial scratches can exist on the test surfaces due to packing and transportation. Extra care was taken to use the samples for the tests with a surface finish close to perfect.
Sample Preparation
The G10 samples were tested as tidal turbine blades. The sizes of the samples were 60 mm in length, 25 mm in breadth and 6 mm in thickness. The sides of the rectangular specimens were polished using 1200 grit SiC papers to ensure a high quality surface finish. Then the samples were carefully cleaned by methanol wipes to remove the dust or any debris. After ensuring the dryness of the samples, the initial weights of the samples were measured three times to avoid reading errors.
Test Slurry
The tests were conducted in three testing environments: (a) NaCl solution, (b) silica sand in water slurry and (c) silica sand in NaCl solution. The sand was supplied by Mineral Marketing, UK. The sand particles were sieved twice in the lab to ensure the size of the particles. The chemical composition of the sand used is mentioned in Table 2 . The specific gravity of the sand was 2.65, and bulk density of the particles was 1.56 g cm -3 . It should be noted that this concentration defines the density of the slurry where higher concentration provides higher density and requires more energy for the suspension. Higher concentrations also cause the distribution of the particles to become uneven [6] . Therefore, a concentration similar to the seabed environment was selected and remained constant throughout the duration of each test.
Test Apparatus
The modified slurry pot test rig was used for this experimental work. The rig consists of a test chamber and two motors one at the top and the other at the bottom of the test chamber. The upper motor functioned as a miniature tidal turbine rotor with blades and the bottom one worked as a stirrer of slurry. Figure 2 is an image of the test rig in a stationary mode and Fig. 3 illustrates the test chamber showing the inserted test samples and the direction of the slurry movement. This test configuration is useful to investigate the erosion resistance of different materials in rapidly and inexpensively. The test blade samples were inserted in different angled slots on a sample holder which acted as the hub of the turbine rotor. The angles of attack range was 0-90°with 15°increment. The four baffle bars are installed in the test chamber. The role of these baffles is to prevent unwanted swirling of the flow due to the rotation of the samples, to maintain axial flow and to minimise centrifuging effect of the fluid inside the test chamber. The bottom blades stir the solution and provide the longitudinal flow and a good mixing of the slurry [7] . Both motors rotate in opposite directions to avoid random motion of the particles, turbulence of the flow and error in the calculation of the impingement velocity [6] . The bottom four blades (stirrers) are pitched at 45°which is the optimal degree to provide good particle mixing in the axial flow in the test chamber as shown in Fig. 3 [8] . The speed of the motors was kept constant and the experimental configuration of the test rig is shown in Fig. 2 
Test Methodology
In order to measure the effects of the angles of attack on marine tidal turbine blades, the samples were tested at seven different angles in various slurries. The samples were weighed before and after the tests carried out using an analytical balance with an accuracy of 0.01 mg to the nearest 0.0001 g. The orientation of the angles of the test specimens was considered as the angles of impingement of the solid particles to the test specimens [8] . As recommended by Tsai et al. [9] , lower rotational speed of the specimens was employed to avoid the presence of vortices, which may affect the test results from a slurry pot tester. This was empirically tested using a high speed camera and large polymer particles. At a tip speed of 3 m s -1
, the flow of solution was completely following the directions that are shown in Fig. 2 . This tip speed was constantly probed and the motor power was adjusted accordingly to provide a constant velocity for all the combinations of slurry and angle of attack. Moreover, the trajectory of the particles was confirmed using the high speed camera, which was following the flow direction of the solution.
In this type of test configuration, uniform distribution of the sand particles is very important which is controlled by the speed of the stirrer (bottom motor). Although it may be thought that the higher speed of the stirrer can provide a better suspension, this may cause a turbulent flow and the presence of vortices [6] . Therefore, the speed of the stirrer was optimised for the full suspension of the particles and kept constant for the whole series of the experiments. The optimised speed of the stirrer was 309 rpm which was Fig. 4 Mass change as a function of impact angle: a NaCl water, sand size (200 ± 50 lm) in water, and in NaCl water slurry and b NaCl water, sand size (375 ± 125 lm) in water slurry and sand size (375 ± 125 lm) in NaCl water slurry Fig. 5 Sample surface after a test in distilled water at 60°angle of attack equal to 11 Hz of the bottom motor output. The test chamber was completely filled with the solutions to eliminate the presence of bubbles from the residual air in the chamber, and to avoid their disturbance. The solutions that contained sand were replaced every half an hour to minimise the attrition of the sand particles. The attrition of the sand particles after half an hour test run was found to be 2.59 wt% on average.
The duration for each test was 2 h in accordance with those reported in the literature, in order to keep the comparability of the results consistent. After completing each test, the samples were dried and kept under a gentle heat for 15 min. The mass change measurements were carried out the day after the tests to minimise the errors from water absorption by keeping the specimens at room temperature. Figure 4a shows that from the tests in NaCl solution, specimens have gained mass (negative mass loss) for the range of angles of attack. On the other hand, for sand size (200 ± 50 lm) in water, and NaCl water solution slurries, there is mass loss of the specimens for almost all of the combination of slurries and angles of attack. The mass loss is prominent for the tests carried out with sand size (200 ± 50 lm) ? NaCl solution slurries. Figure 4b shows the results of tests carried out with sand size (375 ± 125 lm) in the same slurries that of Fig. 4a . A similar trend of mass loss is found for sand size (375 ± 125 lm) in water slurries and sand size (375 ± 125 lm) ? NaCl water slurries. As shown in Fig. 4 , as compared with sand size (200 ± 50 lm) in water slurry, a greater mass loss of the specimens is found for sand size (375 ± 125 lm) in water slurry. Moreover, the mass loss due to erosion has increased with the increase in size of sand particles. The presence of the salt in slurries is affecting erosion behaviour of specimens. Higher mass gain occurs in the salt solution and comparatively higher mass loss occurs for all slurries in the lower impact angles up to 30°.
Results
Mass Variation
SEM Micrographs of Targeted Surfaces in Different Slurries
Figures 5 and 6a-d show the SEM micrograph of the specimen tested in distilled water and salty solution at angle of attack 60°, respectively. Figure 5 shows that there is no chemical interaction of distilled water with the specimen. In contrast, the NaCl solution interacted with the targeted surface in a different way. Figure 6 shows the pores have retained NaCl crystals which seems to be dried on the surface. At a higher magnification, it can be seen that any defects on the surface can increase the amount of the accumulated salt on the surface (Fig. 6a, b , e, f). As the glass cloth fibres were woven in 0°and 90°directions, the top layer of the glass fibres in one direction was closer to the surface and caused some imperfection on the surface. The presence of NaCl in water interacting with the composite surface appeared to have de-bonded the matrix and reinforcement, which results in an exposure of the reinforcement fibres along with particles of extruded material on the surface (Fig. 6c, d ). Figure 9 shows the eroded surface of the specimen for test carried out in sand size (375 ± 125 lm) in water slurry at angle of attack 15°, where erosive wear is evident by the cutting action of solid particles. In the sand size (375 ± 125 lm) and NaCl water solution, the erosion mechanisms are different from those observed for the sand in water only slurry (Fig. 10) . At lower magnification, Fig. 10a shows the cutting action of the targeted surface, where impingement of the solid particles and blistering occurs due to diffusion of NaCl water into the specimen surface. In the higher magnification images, the typical effects of the slurry erosion on the exposed surface, i.e. cutting of matrix lead to pits formation and exposure of reinforcement fibres (Fig. 10b) , pits and platelet formation (Fig. 10c ) [10] and propagation of pits due to matrix cutting (Fig. 10d) can be seen. For sand in water only slurry, at impact angle of 45°, matrix cutting and impact wear by solid particles occurred (Fig. 11) . For the sand ? NaCl solution at this impingement angle, more interaction of salt and sand with targeted surface can be seen (Fig. 12) . At this angle, the enhanced damage of the exposed surface in the sand ? NaCl slurry occurred by a range of erosion mechanisms. Figure 12a -c show the erosive wear and due to impact and matrix cutting by abrasive particles, which led to pits formations, surface damages, cracks initiations, exposure of reinforcement fibres, formation of fibres fragments, etc. Figure 12d shows that the targeted surface has been swollen due to salt, and reinforcement fracture is occurring due to impingement of erodent in the slurry.
Similar to the other angles of attack in sand and water slurry, no interaction of the slurry with targeted surface can be seen at 60°and impact wear is more prominent (Fig. 13) , but for sand size (375 ± 125 lm) in the NaCl water slurry at 60°angle of attack, the targeted surface shows de-bonding of matrix and reinforcement fibre, exposure and fracture reinforcement fibre, pit formation, and formation of platelet and flakes (Fig. 14) . A similar interaction of the NaCl solution with the specimen surface is evident in Fig. 6 .
Due to the glassy nature of the G10 epoxy glass laminate surface, the platelet formation in the composite materials may be observed as flaking. It also can be seen that in the areas where the fibres are closer to the surface, the susceptibility to erosion is increased as the fibres are exposed. In real devices, this may present some issues due to the simultaneous presence of structural loads on the blades which may result in the damage of the reinforcement [4] .
Discussion
In the marine environment, the wear of the tidal turbine blades occurs by the impingement of solid particles and by cavitation erosion. In this work, erosion in seawater sand slurries is limited to seawater synergistic effects and erosion due to the solid particles impingement. Although cavitation can be another cause of erosion, it was not taken into account at this stage as the experimental conditions (the blade tip speed and the environment pressure were not suitable for reaching a vapour pressure range and the formation of bubbles which lead to cavitation, for the sea water is above 2 kPa [2, 11]). The velocity difference from the root to the tip of the blades is beyond the scope of this paper. In this experimental work, the erodent particles were assumed to be stationery and tip speed was considered to be the velocity of impingement [12] . Figure 4 shows that specimens have gained mass for the tests carried out in NaCl solution, which is prominent at angle of attack up to 45°. Despite the fact that the G10 epoxy glass laminate is recognised for good adhesion between its components and low porosity, the NaCl solution enters into the material by a diffusion process and through pores in the matrix and can increase the mass gain following exposure. The retained salt solution can be seen on SEM micrograph of the tested surface exposed to NaCl only solution (Fig. 6a-c) . Mass gain is an important factor that characterises the performance change of material in the whole degradation process. The degradation process includes physical as well as chemical process. It can be envisaged that initially the moisture penetrates rapidly into the void content in the matrix and fibre-matrix interface. This facilitates the interaction of the solution with the composite material, causing de-bonding of the composite matrix and reinforcement fibre, thus reducing the adhesion between resin and reinforcement, and ultimately exposing the reinforcement fibres (Fig. 6c) .
On the other hand, the material is extracted from the specimens into the NaCl solution and sand in salt solution slurry as a result of de-bonding at the fibre-matrix interface, which would cause the mass loss of the specimens. Hence the mass change of the specimens would be the net effect of the both i.e. total mass gained minus mass is extracted. Moreover, a similar behaviour of mass gain and chemical interaction was found when the tests were carried out in sand ? salt slurry (Figs. 10a, 12b, 14a ). These observations are in agreement with the research work found in the literature [13] [14] [15] [16] . No chemical interaction between slurry and composite can be seen when the tests were carried out in distilled water with and without particles (Figs. 5, 9, 11, 13 ).
For the sand only and sand ? NaCl water solutions, mass loss occurred for the both sand size (200 ± 50 lm) and sand size (375 ± 125 lm). As shown in Fig. 4 , the mass loss has increased with an increase in particles size. This is in good agreement with research work found in literature as the rate of erosion increases with the increase of particles size, hardness and angularity; however, in higher solid particle concentrations, this increase may not predominate as the kinetic energy of the particles is dissipated partly due to the particle-particle collisions, due to the blanketing effect and to the decrease in particle rotation [9, 17] .
Furthermore, the results in Fig. 4 show that the erosion rates are higher at the lower impact angles. This is a behaviour that is normally observed for so-called ''ductile erosion'' patterns. From the literature, the erosion rate of ductile metals typically peaks at a particle impingement angle 30-50°due to a localised plastic strain which leads to the failure of the deformed material (results which are observed for the impact with angular particles). For brittle materials, a peak in the erosion is normally observed at 90°angle of attack, and wear occurs in a form of cracking and chipping of the surface on the micro-scale [18] . Hutchings [19] has suggested that the material loss is observed when a critical fracture strain is reached. It is also stated that the formation and fracture of platelets control the erosion rate [11, 20] . The peaks of the erosion rate in the current work are observed at different angles of attack up to 60°which does not completely describe ductile material behaviour. Moreover, the fluctuation in erosive wear peaks can be attributed to the different slurries, angles of attack, particles characteristics and material as composites behave differently than metals (Fig. 4) [21].
Synergistic Effects
High-performance filaments, such as carbon fibre and glass fibre, are frequently used as the reinforcement of composites. Degradation of composites is unavoidable in marine applications, as it may be corroded after long-term service in a seawater environment. It is believed that one of the obstacles preventing the extensive use of composites is the lack of long-term durability and performance data when serving in this environment. Consequently, it is necessary to understand how the materials behave during long-term applications [22] . In fact, it is observed that seawater can adversely affect mechanical properties of the matrix and fibre-matrix interface integrity. When composites are exposed to seawater, they absorb the water molecules through diffusion process. This process is typically slow and is largely affected by the equivalent diffusion coefficient of the composite material, which strongly depends on the type of reinforcing fibre (glass vs. carbon), type of resin (epoxy vs. vinyl ester), type of sizing, lay-ups implemented and manufacturing process. The moisture absorption in polymeric composites leads to deleterious effects associated with de-bonding at fibrematrix interface and chemical reaction (corrosion), resulting in deterioration in long-term durability and degradation of mechanical properties [13-16, 23, 24] .
Similarly the degradation of mechanical properties, when the tests were carried out in NaCl only solution and sand ? NaCl solution, the erosive wear resistance of the G10 epoxy glass laminate was also affected in shape of enhanced mass loss, blistering of the laminate, swelling of attacked surface, de-bonding at fibre-matrix interface, and damage of reinforcement and matrix due to fractures, cracks (Figs. 6, 10, 12, 14) . Interesting observations can be seen in Fig. 4b for the tests carried out at 60°, where the highest mass loss and erosive wear occurred by cutting process and impact of erodent (Fig. 13) , for sand size (375 ± 125 lm) only solution. Contrary to this, the lowest mass loss can be seen for sand size (375 ± 125 lm) ? NaCl solution. The intensity of damage of the attacked surface is evidence of synergistic effects of NaCl ? sand size (375 ± 125 lm) slurry for this impingement angle, SEM micrograph (Fig. 14) . Moreover, at 60°angle of attack, this composite behaves like a semi-brittle material in sand size (375 ± 125 lm) in water slurry (Figs. 13, 15b) , while it behaves as semi-ductile material in sand size (375 ± 125 lm) ? NaCl solution (Figs. 14, 15b ). There is more interaction of the salt solution with this composite at 60°angle of attack (Figs. 6c, 14a) . The chemical interaction and transition in composite physical properties are evident of synergistic effects of the salt in slurry (Figs. 5, 14) .
Referring to Figs. 4, 6 , 10, 12, 14, the trend of mass gain and presence of NaCl on the targeted surfaces of the specimens in the salt in water and sand ? NaCl slurry, the pure erosion due to erodent in sand ? salt solution can be calculated by adding the mass gain during salt only solution tests to the mass loss of the specimens for respective tests in NaCl ? sand solution. Figure 15a , b show that the presence of salt in sand ? NaCl slurries has significantly increased the amount of erosive wear. The upwards shifting of pure erosion curves (increase in mass loss) in Fig. 15 , and the enhanced degradation of the target surface (Fig. 14) emphasises the deleterious effects of salt solution on the tribological performance of this materials, and the importance of synergistic effects of the NaCl solution and sand.
Erosion Mechanism Map
The theory of erosion as advanced by Bitter is based on the assumption that, for very elastic material no impact wear occurs, and the highest erosion wear occurs at an angle of attack \ 10°; for brittle material erosive wear peaks at 90°. Typical engineering (ductile) materials show intermediate behaviour, and the peak of erosive wear occurs about 30°a ngle of attack [25] . Zahavi and Schmitt [10] characterised the behaviour of composite materials under solid particles erosion to take place in three stages: (a) local removal of the resin material and exposure of the fibres, (b) breakage of the fibres and formation of cracks perpendicular to the fibres, and (c) further damage due to the degradation of the interfaces between the fibres and the resin. According to Bitter's erosion theory, which is based on the assumption that for an angle of attack \10°, erosion occurs due to chip formation at microscale, as a result of cutting action of erodent. For a 90°angle impact wear occurs, where during a 10-90°angle, both mechanisms contribute to the erosive wear [26] .
In view of the tests results, a slurry erosion wear mechanistic map has been developed. Wear mechanistic maps [27] [28] [29] [30] can be useful tools to identify various wear mechanisms encountered over the range of tests parameters. This may be helpful in the selection of materials, designing of tidal turbine blades, and defining operational limits. Such maps link the observed experimental wear mechanisms to the actual operational conditions. Figure 16 shows the slurry erosion wear mechanisms map of G10 epoxy glass laminate. The erosion mechanism transition boundaries are approximate and identify wear mechanisms in five regimes which can be described as:
Regime I For these combinations of slurries and angles of attack, severe erosive wear occurs due to enhanced mass loss of the specimens (Fig. 4) . There is some suggestion that according to the literature [10, 20, 31, 32] , composite materials with high reinforcement volume fractions are expected to behave like brittle materials. However, Fig. 15 shows that this composite seems to be exhibiting semi-ductile erosive behaviour in this regime. It is evident from SEM micrographs (Figs. 7, 8, 9, 10, 11, 12) that the wear mechanisms in this region are cutting of the matrix, pit formation, cracking and swelling of matrix material. These figures show that once the outer layer of the surface is cracked, the pits propagate towards the adjacent damage; the material loss rate is accelerated by the cutting action. Regime II This area shows the erosive wear due to the smaller particles. The wear rate is lower for these combinations of slurry and angle of attack. The composite behaves like a ductile material and the wear occurred due to microcutting action of the erodent (Figs. 13, 14) . Regime III This region of the mechanistic map is related to the highest surface damage due to the impact of erodent and synergistic effects of salt in the solution. There is a lower mass loss (Figs. 4, 15 ), due to softening of the reinforcement resulting from sand ? NaCl slurry synergy as mentioned above under Sect. 4.1. Erosive wear by impact of erodent dominates. Impact damage can cause a reduction in strength of the composite as much as 40 % [33] . Voids and pores between layers can also pose serious problems to the integrity of the polymer matrix composite (PMC) [34] . Due to the synergy of sand ? NaCl slurry, different types of erosion mechanisms are identified i.e. de-bonding at fibre-matrix interface and exposed reinforcement fibres, pit formation, fibre fracture, platelet and flake formation, delamination and swelling of surface (Fig. 14) . These erosive wear mechanisms are in agreement with those found in literature [10, 18, 26, 35] (Fig. 16) .
Regime IV This area shows the effects of NaCl solution only on this composite material. The NaCl solution is absorbed and there is mass gain of the specimens. The NaCl interacts with the resin resulting in de-bonding at fibre-matrix interface and exposure of reinforcement fibres (Figs. 4, 6 ).
In view of these experimental observations together with research in the literature regarding erosive wear of similar composite materials in marine environment, the use of the G10 epoxy glass laminate in these environments presents some materials issues. As a sustainable technology, the marine renewable energy (MRE) sector must ensure that repair operations are minimized. Ideally MRE devices require no intervention for repair and maintenance over the complete device life cycle [16] . Therefore, using surface coating or gel coats for such materials can enhance the quality of performance and the life span of such materials. Further work will involve assessing the performance of different coatings based on gel, silicone, rubber or hybrid formulations, in addition to variation of reinforcement architecture and volume fraction, in order to optimise the composite for use in marine environments involving tidal turbines.
Conclusions
1. GFRP (for tidal turbine applications) exposed to an NaCl aqueous solution has shown enhancement of the erosion rate compared with exposure to distilled water. 2. The presence of salt in the solution enhances the erosive wear. 3. Erosion mass loss tends to be higher at lower impact angles indicative of semi-ductile erosion behaviour. However, changes in the mechanisms were observed at higher impact angles. 4. Erosion mechanistic maps have been generated to identify transitions in erosion modes as a function of the aqueous slurry environments. Such maps have potential applications to tidal turbines.
Appendix
See Table 3 . Same as at 30°Erosive wear by impact of erodent is dominated with a decrease in cutting action in this regime along-with debonding at fibre-matrix interface and exposed
